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REMARKS/ARGUMENTS 

Claims 1-10 and 12-27 remain in this application. Claims 1 has been amended. Claim 1 1 has 

been cancelled by a previous amendment. 

Claims 1, 4, 6-8, 13, 15, 17, 18 and 25-27 are rejected under 35 USC 103(a) as 
being unpatentable over Kawanishi et al (US 6,404,966 Bl). 

I. Claim 1 has been amended to state that the band gap structure has non-circular holes. 
This amendment is supported, for example, by Fig. 7 of the Applicants' specification. 
Such band gap structure is not disclosed by the Kawanishi et al (US 6,404,966 Bl) 
reference. Accordingly, claim 1 and its dependent claims 4, 6-8, 13, 15, 17, 18 are not 
obvious over this reference. 

n. Furthermore, Claim 1 states that * ^he optical energy is guided in a mode having a 
nonlinear refi-active index of less than about 10" cm AV/ ' As discussed in the 
previous amendment, this parameter contributes to the low loss and is not taught or 
disclosed by the cited reference. In fact, pg. 7, paragraph [0033] of the Applicants 
specification discloses that in conventional fibers the guided modes have effective 
nonlinear refractive indices nz ranging from 2x10'^^ cm^AV to 4xl0"^^cm^AV while 
some of the Applicants claims call for it being less than 10"^^ cm^/W . (This is at least a 
factor of 10 different (or about 20 times less) than that of the conventional fibers.) 

On page 2 of the Office Action dated 3/6/2006 the Examiner stated that the "references 
teach achieving this index by using air filled holes to guide the optical energy in PBG 
fibers. Applicants own disclosure identifies the nonlinear index of air to be 2.9x10' 
^^cm^/W which is within the claimed range." 

Applicants respectfully traverse the grounds for this rejection, for the following reasons: 
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Applicants understood the Examiner's statement as saying that: (i) the references teach 
fibers with hollow (air filled) cores and that air has a nonlinear refractive index of 2.9 
xlO'^^ cm^AV, and (ii) thus it should be obvious that a mode propagating in such fiber 
will have an effective nonlinearity of 2.9 xlO'^^, which is less than about 10*^^ cm^AV. 
This conclusion can be logically reached if and only if all of the light is carried in the 
hollow-core region. However, this is not how FBG fibers work. (However, if 
Applicant's misunderstood what Examiner is sajdng, it is requested that the Examiner 
provide a more detail explanation of the rejection.) 



Applicants disagree with this assumption and suggest that it is not at all obvious that 
hollow-core fibers support a mode with such low nonlinearity (less than 10'^^ cm^AV). 
A recent publication (see enclosed) by C. J. Hensley, D. G. Ouzounov, A. L. Gaeta, N. 
Venkataraman, M. T. Gallagher, and K. W. Koch, "Silica-glass contribution to the 
effective nonlinearity of hollow-core photonic band-gap fibers," Opt. Express 15, 3507- 
3512(2007)) teaches: 

"The optical field is primarily localized in the air core, but since the nonlinear refractive 
index of glass Is rouahlv 1000x larger than that of air, it is not obvious which medium 
dominates the effective nonlinearity of the fiber . It was shown [5] that the effective 
nonlinearity of the fundamental mode of the fiber described in Ref. 3 is approximately 
equal to that of the air in the fiber core. Alternatively, theoretical analysis of other 
commercially available HC-PBGFs [6, 7] concluded that glass and air regions have 
comparable contributions to the total nonlinearity. Laegsgaard et al. [14] showed 
theoretically that the fraction of light that resides in the silica regions, and thus the glass 
contribution to total nonlinearity depends strongly on the air-filling fraction." (Emphasis 
added.) 

Thus, it is clear that the presence of an air core alone is insufficient in determining the 
nonlinearity of the refractive index of the optical mode in the fiber waveguide. 



A simple calculation illustrates the problem: 

• Nonlinear refractive index of air: 

n2.air= 2.9 xlO-^^ cm^/W (1) 

• Nonlinear refractive index of silica: 
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n2,giass = 2.6 xlO-^^ cm^AV (2) 

If we consider the nonlinear refractive index to be a simple weighting of the fraction of 
the optical intensity in the glass (we will denote this fraction as f) and the fraction 
intensity of the light in the air (thus, 1-f) we find: 

n2 = f X n2,glass+(l - f) X n2,air (3) 

Claim 1 sets the limit on the nonlinear refractive index n2 of the optical mode to be less 
than 10"^^ cm^/W. From equation (3) we must then have: 

2.6x10"''^ f+2.9x10'^^ (1-f)< 10"''®, (4) 

or: 

f<0.11%. (5) 

Thus, less than 0.11% of the light is propagating through the glassy region of the 
cladding. Those skilled in the art recognize that it is not obvious t hat one can achieve 
less than 0.11% overlap of the light in the glass, because the optical mode always has 
some significant overlap with the cladding (or else one could remove the cladding with 
no effect). 

It was Applicants who taught that it is possible to have a photonic band gap fiber that 
guides an optical mode (guided by a band-gap cladding) such that the optical energv is 
guided in a mode having a nonlinear refractive index of less than about 10"^^ cm^AV 
i.e.- it was applicants who taught that it is possible to have a mode that propagates with 
very little overlap with such silica portion of the cladding. Applicants do not find that 
the references (from Kawanishi et al, Libori et al and Fajardo et at) enable or teach or 
suggest how to achieve such small overlap with the glass in their structures, or that such 
small overlap is even possible. A recent (see enclosed) reference (J. Laegsgaard, N. A. 
Mortensen, J. Riishede, and A. Bjarklev, "Material effects in air-guiding photonic bandgap 
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fibers," J. Opt. Soc. Am. B 20, 2046-2051 (2003)) has the following discussion of overlap with 
the glass for air holes of diameter d separated by a pitch A: 

For the design with d/A = 0.88, where 7-9% of the field energy is in silica, the material 
dispersion ranges between -0 and -200 ps/nm/km, whereas for the design with d/A = 
0.95 and only 2-3% of the field energy in silica, the material contribution to the GVD 
ranges between -50 and 50 ps/nm/km. 

These ranges (7% to 9% and 2% to 3 %) are much larger than 0.11% that corresponds to the 
non-linear refi*active index of nonlinear refractive index of less than about 10"^^ cm^A¥ called 
for in claim 1 and its dependent claims. 



The mode overlap with the glass decreases as the air-filling fi-action is increased. With circular 
holes this is accomplished by increasing the diameter d of the air holes. However, Applicants' 
calculations show that for circular holes (such as those shown by the cited references-i.e., 
Kawanishi et aly Libori et al and Fajardo et al references), an overlap of greater 1.7% (see 
calculated data in Fig. 1, below) between the optical mode and silica based cladding is 
achieved when the air holes just touch, d/A = 1 .00. 
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Fig. 1. Calculated overlap of light with glass for a PBGF structure of circular air holes 
(refractive index n=1) in silica (refractive index n=1 .45), air-hole diameter of d=3.5 ^m, and hole- 
to-hole spacing or pitch of A=3.5 |im. The holes are just touching. 
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This value is insufficient to reach the low nonlinearity claimed by Applcants. In fact 
this value is about 10 times larger than the required overlap calculated above, and 
Applicants do not believe that a further reduction of lOX is obvious or enabled by this 
reference. Any further increase in the size of circular holes without the change in pitch 
(hole separation) leads to a disconnected unphysical structure. 

Applicants achieved small overlap between the guided mode and the cladding of the 
PBG fiber, for example, by using structures with non-circular air holes (shown in our 
Figure 7 in original patent application) and/or very large airfiUed ratious, which 
structures are not disclosed by the cited reference of Kawanishi (nor is it disclosed by 
Libori et al or Fajardo et al). Accordingly, claim 1 is note obvious over the cited 
reference(s). 

Claims 4, 6-8 13, 15, 17 and 18 depend from claim 1 as their base claim and, therefore, 
explicitly incorporate the language of claim 1. Accordingly Applicants respectfully 
submit that claims 1, 4, 6-8 13, 15, 17 and 18 are not obvious over the Kawanishi 
reference. 

III. Claims 25-27 (and 13) state that the "optical fiber is configured to support a 
temporal soliton having a peak power of greater than about 1 MW". Such fiber is not 
disclosed by the Kawanishi reference, and the Kawanishi reference provides no 
incentive for having a fiber with this characteristics. Accordingly, claims 13 and 25-27 
are not obvious over this reference. 

The Examiner, in replying to Applicants' previous response stated that "Kawanishi et al 
also teach that the optical fiber can be used to transmit pulses (see colunm 1, lines 60- 
63). As discussed above, the non-linear refractive index results in minimal pulse 
spreading. Therefore, the pulse will retain its shape. Pulses such as these are solitons . 
One of ordinary skill in the art recognizes the benefit and desirability of high power 
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signals. It would be obvious to one of ordinary skill in the art at the time of invention 
to use an optical soliton pulse having a peak power of 3MW ..." 



Applicants respectfully disagree with this statement for the following reasons: 



Retaining its shape is a necessary but not sufficient condition to define a soliton. The 
term soliton was coined in 1 965 to reflect the particlelike nature of solitary waves that 
remain intact even after mutual collision. The following excerpt is from an 
authoritative source (G. Agrawal, "Fiber-Optic Communication Systems," (Wiley & 
Sons, New York, 1997) p. 468) on optical fiber communications (also enclosed): 

The existence of fiber solitons is the result of a balance between group-velocity 
dispersion (GVD) and self-phase modulation (SPM), both of which, as discussed 
in Sections 2.4 and 5.2, limit the performance of fiber-optic communication 
systems when acting independently on optical pulses propagating inside the 
fiber. One can develop an intuitive understanding of how such a balance is 
possible by following the analysis of Section 2.4. As shown there, the GVD 
broadens optical pulses during their propagation inside the fiber except when 
the pulse is initially chirped in the right way (see Fig. 2.12). More specifically, a 
chirped pulse can be compressed during the early stage of propagation whenever 
the GVD parameter p2 and the chirp parameter C happen to have opposite 
signs, so that P2C is negative. SPM, resulting from the intensity dependence 
of the refractive index, imposes a chirp on the optical pulse such that C > 0. 
Since p2 < 0 in the 1 .55-pm wavelength region, the condition P2C < 0 is 
readily satisfied. Moreover, since the SPM-induced chirp is power dependent, 
it is not difficult to imagine that under certain conditions, SPM and GVD may 
cooperate in such a way that the SPM-induced chirp is just right to cancel the 
GVD-induced broadening of the pulse. The optical pulse would then propagate 
undistorted in the form of a soliton. 

As mentioned above, in optical fibers there are two main forces that cause pulses to 
spread: self-phase modulation (SPM) and group- velocity dispersion (often referred to 
simply as dispersion). An important note is that group-velocity dispersion has several 
sources: material dispersion, waveguide dispersion, modal dispersion and profile 
dispersion (see G. Agrawal, "Fiber-Optic Communication Systems," (Wiley & Sons, 
New York, 1997) pp. 39-49, enclosed). A fiber with an air core has near-zero material 
dispersion but may have significant waveguide, modal and profile dispersion. 
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One might expect that an optical pulse traveling through a medium with low 
nonlinearity would not spread. However, this argument does not consider the spreading 
due to group-velocitv dispersion . None of the cited reference addresses or discusses 
this issue. Accordingly, Applicants' claims are unobvious over these references. 

Applicants are claiming an optical fiber and optical fibers inherently have at least the 
waveguide form of group- velocity dispersion referred to above. Even if it is possible to 
eliminate the other forms of dispersion, it is impossible to eliminate waveguide group- 
velocity dispersion at all wavelengths in an optical waveguide. Typically there may be 
one or more discrete zero-dispersion wavelengths in an optical waveguide, however, by 
analytic continuation one may not have zero dispersion over a continuous range of 
wavelengths unless dispersion is zero everywhere (and this is impossible in a waveguide). 

A pulse in time implies a finite spectral width and thus, fi:-om the argument above, must 
include wavelengths at which dispersion is non-zero. Thus such a pulse will spread due 
to dispersion unless balanced by another mechanism. 

Thus, it is not sufficient to have only low nonlinearity or only low dispersion to support 
a soliton pulse. The cited reference(s) teach nor make obvious the formation of solitons 
in hollow-core fibers. The Libori et al reference mentions solitons in the context of 
conventional fibers (column 1 lines 13-20) but it is not obvious, for the reasons 
explained above, that this concept can be extended to hollow-core fibers, or band-gap 
fibers, and the recited reference(s) do not suggest that this can be done. The extension 
to soliton propagation in hollow-core fibers is not obvious. For instance, the examiner 
has argued that it is obvious that hollow-core fibers have low nonlinearity because they 
have a low nonlinearity core. This is logically true only if all of the light is carried in 
the core region. Let us suppose, arguendo, that is true — ^then we propose to evacuate 
such a fiber. Now, in the absence of a core material the core nonlinearity is zero. 
However, as discussed above, such a fiber will not support a soliton because there is no 
nonlinearity to balance the waveguide dispersion . Fortunately the "obvious" argument that all 
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of the Ught is carried in the hollow region is flawed and Applicants discovered, as taught in the 
present application, that photonic band-gap fibers can indeed support solitons. 

Accordingly, claims 13, and 25-27 are not unpatentable over Kawanishi et al (US 
6,404,966 Bl). 

It is noted that Applicants balanced the pulse spreading by designing fibers that use 
SPM, a result of the fiber nonlinearity, to cancel the inherent group-velocity dispersion 
of the fiber. This nonlinear effect leads to a chirp of the optical pulse as described in 
the reference above. The optical fiber nonlinearity is always greater than zero as a 
result of the intrinsic properties of the glass and this sign determines the nature of the 
pulse spreading (leads to C>0, longer wavelengths move ahead of the shorter 
wavelengths). This nonlinear chirping is proportional to the intensity of the optical 
pulse. To balance the spreading from this chirping Applicants' waveguide fibers have 
the group-velocity dispersion in the fiber which has opposite effect, such that shorter 
wavelengths travel faster than longer wavelengths. If the fiber is designed correctly and 
the pulse intensity is correct, it is possible to achieve a balance over an extended 
wavelength range that includes the pulse spectrum. In such a fiber, nonlinear SPM 
cancels the anomalous group-velocity dispersion and the optical pulses can propagate 
without spreading, giving a rise to solitons, as disclosed and claimed by Applicants. 
However, this is not an obvious solution, and the air filled cores, generally do not 
support solitons, nor make it obvious on how to do it. 

Claims 1-3, 5, 6-10, 13, 14, 16-18 and 25-27 are rejected under 35 USC 103(a) as 
being unpatentable over Libori et al (US 6,792,188 B2). 

L Claims 1-3, 5, 6-10, 13, 14 and 16-18 call for a bandgap fiber having a core region 
surrounded by a "cladding region including a photonic band gap structure with non-circular 
holes, the optical energy having a wavelength within the photonic band gap of the photonic 
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band gap structure". Such fiber is not disclosed by the Libori reference. Plase note that 
although Fig. 34 of Libori shows a microstructured fiber, this fiber is not a bandgap fiber 
because the fiber of Fig. 34 has solid core with an index of referaction higher than the 
surrounding structure. 

n. Furthermore, as discussed above, Applicant's claims 1-3, 5, 6-10, 13, 14 and 16-18 
specify that "the optical energy is guided in a mode having a nonlinear refractive index of less 
than about 10'^^ cm^AV", and this feature is not shown, disclosed or discussed by the Libori 
reference. As shown above, one of skill in the art will recognise that the nonlinear refractive 
index of less than about 10"^^ cm^AV corresponds to a fiber that has a very small overlap 
between the mode and the fiber cladding structure. This feature is not obvious, because no 
cited references taught or disclosed that it is even possible to achieve the minimal required 
overlap between the optical mode and the cladding structure surrounding the core (less than a 
fraction of 1%), and no cited reference shows any embodiments capable of achieving it. 

More specifically, the Examiner pointed that "Labori et al teach that PBG structure can 
include air holes. Air has a nonlinear refi"active index of 2.9x10"'^ cm^/W which is 
within the claimed range." As discussed above, the presence of air alone is not enough 
to bring the nonlinear refiractive index of the guided mode within the range claimed by 
the applicants. The Libori reference does not disclose, teach, or suggest what is 
required to achieve the low non-linearity claimed by the Applicants. The Libori 
reference also does not provide any enabling examples that teach how to achieve the 
"optical energy is guided in a mode having a nonlinear refractive index of less than about 10'^^ 
cm^AV". 

m. Morever, as discussed in the previous Response, although Libori makes a 
statement that a low loss fiber is desirable and can be achieved with PBG structure, 
Libori does not define what is meant by a "low loss", nor provides an enabling 
embodiment of the PBG structure that has the losses in the Applicant's claimed range. 
A mere statement that something is desirable, without a way of how to achieve such a 
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result does not constitute an enabling disclosure . Also, a mere statement that 
something is desirable, does not make it achievable to one of ordinary skill in the art. 
The general conditions for achievement of very low loss (e.g., less than 50 dB/km, or 
less than 20 dB/km) for PBG fibers were disclosed by the Applicants and were not 
known to one of ordinary skill in the art, nor were disclosed by the Libori reference, 
although the was a long felt need to have a fiber with these characteristics. 

rv. Finally, as stated above. Claims 25-27 call for the '' optical fiber is configured to 
su pport a temporal soliton having a peak power of greater than about 1 MW". Such 
fiber is not obvious for the reasons discussed above, is not disclosed by the Liborui 
reference, and the reference provides no teaching that would lead someone to a fiber 
with this characteristics. 

Accordingly, claims 1-3, 5, 6-10, 13, 14, 16-18 and 25-27 are not unpatentable over 
Libori, et al. 

V, Furthermore, the Examiner (see pg. 5 of the Office Action) stated that figures 1 and 
2 of the Libori reference teach PGB structure. However, since these figures clearly 
show a solid core, the fibers of Libori's Figures 1 and 2 can not be PBG fibers. The 
Examiner also referred Applicants to Fig. 5 of the Libori reference. Again, since this 
figure clearly shows a solid core, the fiber of Libori 's Figure 5 can not be a PBG fiber 
(it will not have a photonic band gap). 

Claims 1, 4, 6, 7, 12, 15, 19, 20, 22 and 23 are rejected under 35 USC 103(a) as 
being unpatentable over Fajardo et al (US 6,444,133 Bl). 

I. Claims 1, 4, 6, 7, 12, 15, 19 and 20 call for an optical fiber that guides the optical 
energy in a mode having a nonlinear refi*active index of less than about 10*'^ cm^AV. As 
explain above, the fact that a fiber (such as Fajaro fiber) has a hollow core, doe not mean that 
the fiber satisfies this condition. As known to one skill in the art, because the mode propagates 
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in the core and in partially in the cladding. Accordingly, because the nonlinear refractive 
index of the mode depends on the refractive index of the core and that of the cladding, claims 
are claims 1, 4, 6, 7, 12, 15, 19 and 20 are not obvious over the Fajardo reference. It is 
noted that the Fajardo reference does not disclose FBG fibers that are capable of 
satisfying this condition, nor teach or suggest that the claimed condition can be satisfied, nor 
teach, suggest or discuss any fibers capable of guiding the modes such that the overlap between 
the mode and the cladding is only a fraction of 1%. 

Claim 20 depends from claim 19 as its base claim and is even more stringent, requiring a factor 
of 2 improvement -i,e., it calls for "optical signal is guided in a mode having a nonlinear 
refractive index of less than about 5 x 10'*^ cm^AV No such fibers are shown or even 
suggested by the Fajardo or any other cited references. 

Claims 22 and 23 depend from claim 19 as their base claim, and therefore explicitly 
incorporate a subject matter of claim 19. Therefore, claims 22 and 23 are not obvious over the 
Fajardo for the same reasons that claim 19 is not obvious over this reference, 

II, With regard to claims 22 and 23, the Fajardo reference does not disclose the fiber with 
ether a loss of a loss of less than about 300 dB/km, less than 50 dB/km, etc, or that has a 
nonlinear refractive index of less than about 10''^ cm^/W, or less than 5x10"^^ cm^AV. The low 
loss feature (not disclosed by the Fajardo reference) in combination with the low nonlinearity 
(also not disclosed by the reference), where the claimed nonlinear refractive index at least one 
to two orders of magnitude smaller than similar known fibers (and certainly not within general 
ranges disclosed by prior art fiber references), make applicants claims unobvious 22 and 23 
over Fajardo, and other the cited references. 

Claims 21 and 24 are rejected under 35 USC 103(a) as being unpatentable over 
Fajardo et al (US 6,444,133 Bl) as applied to claims 1, 4, 6, 7, 12, 15 19, 20, 22 and 
23 above, and further in view of Libori et al (US 6,792,188 B2). 
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Claims 21 and 24 depend from claim 19 as their base claim, and further call for 
solitons. 

Claims 21 and 24 being dependent claims explicitly incorporate a subject matter of claim 19. 
Therefore, claims 22 and 23 are not obvious over the Fajardo for the same reasons that claim 
19 is not obvious over this reference. 

Furthermore, as described above, just because PBG fiber has an air core does not mean that it 
can support soliton propagation, because the fiber also has a cladding, and there is interaction 
between the mode and the cladding, Futhermore, column 1, lines 13-20 of Libori are directed 
to "conventional" fibers, and not to PBG fibers. Libori does not teach that any of its disclosed 
embodiments of PBG fibers supports solitons. The Examiner stated (see pg. 7 of the Office 
Action) that 'Tt would have been obvious to one of ordinary skill to modify the Fiber of 
Fajardo et al to support solitons as taught by Libori et al". However, the Libori refemce does 
not teach how to make such modification. 

Conclusions 

Based upon the above amendments, remarks, and papers of records, applicant believes 
the pending claims of the above-captioned application are in allowable form and 
patentable over the prior art of record. Applicant respectfully requests that a timely 
Notice of Allowance be issued in this case. 

Applicant believes that no extension of time is necessary to make this Reply timely. 
Should applicant be in error, applicant respectfiiUy requests that the Office grant such 
time extension pursuant to 37 C.F.R. § 1,1 36(a) as necessary to make this Reply timely, 
and hereby authorizes the Office to charge any necessary fee or surcharge with respect 
to said time extension to the deposit account of the undersigned firm of attorneys. 
Deposit Account 03-3325. 
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Please direct any questions or comments to Svetlana Z. Short at 607-974-0412. 

Respectfully submitted, 

Svetlana Z. Short 
Attorney for Assignee 
Registration Number: 34,432 
Coming Incorporated 
SP-TI-03-1 
Coming, NY 14831 
Phone: 607-974-0412 
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1. INTRODUCTION 

Photonic bandgap (PBG) fibers guiding light in a hollow 
core surrounded by a cladding structure with a bandgap 
at a refractive index below the light line have attracted 
considerable attention since their first experimental dem- 
onstration by Cregan et al, ^ Such fibers have been pro- 
posed as candidates for highly linear and possibly low- 
loss transmission fibers,^ devices for particle transport,^ 
dispersion compensation,^ and gas nonlinearity 
experiments.^ In contrast to conventional fibers, the use- 
ful wavelength range is not limited by the absorption loss 
and nonlinearity of the base material. The recent fabri- 
cation of sihca-based, air-guiding PBG fibers with attenu- 
ation coefficients below 30 dB/km over a considerable 
wavelength range® opens up a wide range of practical ap- 
plications. 

It is usually assxuned that the influence of the base ma- 
terial on elementary fiber properties is negligible for this 
class of fibers; however, the theoretical investigations per- 
formed up to now^'^ have primarily focused on establish- 
ing the shape and transmission windows of the guided 
modes and have not, except in the case of circular Bragg 
fibers,^ provided a detailed modeling of key quantities 
such as group-velocity dispersion (GVD), nonlinear coeffi- 
cients, etc. The piirpose of the present work is to model 
two instances of a simple and well-established design of 
air-guiding PBG fibers with psuticular emphasis on the 
interaction between light and base material, which is 
here assumed to be silica. Specifically, we derive the 
fi^action of the field energy present in the silica regions of 
the fiber, the nonlinearity coefficient (expressed as an ef- 
fective area) arising firom the material nonlinearity of 



silica, and the GVD, including material dispersion effects. 
We demonstrate that the firaction of the field energy 
present in the silica is below 10% for both structiu-es stud- 
ied, and that the nonlinearity coefficients arising firom 
silica are 1-2 orders of magnitude lower than those ob- 
tained in the best silica-based, large-mode-area fibers. 
Furthermore, it will be shown tiiat the GVD is consider- 
ably influenced by the dispersion of the base material, 
and we will demonstrate the reason for this interesting ef- 
fect by a detailed analysis of the material contributions to 
the GVD. 

The rest of the paper is organized as follows: In Sec- 
tion 2 we describe the fiber designs to be investigated and 
briefly outline the theoretical approach adopted here, in- 
cluding the basic formulas for group velocity and nonlin- 
earity coefficients. In Section 3 our numerical results are 
presented and discussed, while Section 4 summarizes our 
conclusions. 



2. THEORETICAL APPROACH 

The two fiber structures to be investigated are both based 
on a cladding struct\u*e consisting of a triangular lattice 
of airholes with a core defined by a larger airhole. The 
structure is characterized by three parameters: the dis- 
tance between cladding hole centers A, which is com- 
monly denoted the pitch, and the diameters of core and 
cladding holes. We fix the core hole diameter at 3<i, 
where d is the cladding hole diameter, and investigate 
two designs with d/A = 0.88 and d/A = 0.95. A design 
similar to the former has been modeled earlier by Broeng 
and co-workers,^ whereas the latter resembles a low-loss. 
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air-guiding fiber recently fabricated by Venkataraman 
and co-workers.® A schematic picture of the core and 
nearest cladding region in the design with d/A = 0.88 is 
shown in Fig. 1. 

In the present work we solve Maxwell's equations by 
expanding the dielectric function and magnetic field vec- 
tor in plane waves using a freely available software 
package.^ Once we obtain the magnetic field vector, the 
electric fields are calctdated straight forwardly by use of 
Ampere's law. The adoption of a plane-wave basis neces- 
sitates the use of periodic boundary conditions; however, 
the interaction between nearest-neighbor repeated im- 
ages of the guiding defect can be minimized by a proper 
choice of the transverse Bloch wave vector.^ We use a su- 
percell consisting of 8 X 8 elementary cells of the trian- 
gular lattice comprising the cladding. The Fourier grid 
used for tiie plane-wave expansion has 64 X 64 mesh 
points in each elementary cell for the structure with 
d/A = 0.88, and 96 X 96 mesh points for the structure 
with d/A = 0.95. With these parameters, the dispersion 
coefficients and all other results are converged within a 
few percent. 

The nonlinear coefficient of a fiber expresses the 
change in effective index of the guided mode arising firom 
nonlinear effects for a given input power. The depen- 
dency of the nonlinear coefficient on the form of the 
guided mode is usually expressed by an effective area^*^ 



(1) 



Here P is the power launched into the fiber, and is a 
material nonlinear coefficient (related to the third-order 
nonlineeu* susceptibility) in units of W/m^. For conven- 
tional, all-silica fibers, A^ff may be expressed as^^ 



(2) 




Fig. 1. Schematic picture of one of the structures (with d/A 
= 0.88) under study. The black circles are airholes while the 
white areas are the silica regions. Only the core and innermost 
cladding region are shown. 



We have recently shown that for situations in which a 
substantial part of the field propagates in air, the above 
definition must be generalized to^^ 



""si f |e-d; 

JsiOo 



(3) 



dA 



Note that the integration in the denominator is now re- 
stricted to the silica parts of the fiber. This formula has 
been derived without making assumptions about the field 
energy distribution and is therefore applicable even in the 
extreme case of air-guiding PBG fibers. Of course, the 
Agff values obtained for these fibers have Httle to do with 
the physical extent of the guided modes; however, the ex- 
pression of the nonlinear coefficient in this form faciH- 
tates the comparison with more conventional fibers that 
guide light in siHca or other materials. 
The GVD coefficient D is defined as 



dvg 



2m dw2 27rci;^2 do) * 



where Vg is the group velocity: 



dp' 



(4) 



(5) 



In the present case in which the dielectric fimction is 
piecewise constant, the group velocity in the presence of 
material dispersion effects may be written^ 



V 



Va = 



8 



cj din c ' 

1 + -E^ 



(6) 



da> 



where E^i is the fi-action of the electric field energy 
present in the dielectric and Vg is the group velocity in the 
absence of material dispersion. The latter may be calcu- 
lated directly from the fields as^^ 



Re([E* X H]^) 



(7) 



Thus, the group velocity Vg can be evaluated directly 
from the fields once the guided mode has been obtained, 
and the dispersion coefficient can then be calciilated by a 
nimierical first-order derivative. This procedure re- 
quires that CO, Ed , and be evaluated at the silica refrac- 
tive index appropriate for co, which in the present work is 
achieved by a self-consistency procedure. The self- 
consistent calculations are compared with calculations 
that assume a fixed value of the silica refractive index n 
to assess the importance of material dispersion effects. 
In the self-consistent calculations we use the Sellmeier 
formula for the frequency dependence of the siUca refrac- 
tive index with the coefficients reported by Okamoto.^^ 



3. NUMERICAL RESULTS 

In this work we focus on the guidance of the fundamental 
mode (whose m^or transverse part is circularly S3anmet- 
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ric) in the lowest bandgap. Initially, we will consider the 
case of a fixed silica refractive index n = 1.45. For this 
value of n, the fiber with d/A = 0.88 is found to have a 
narrow transmission window for the fundamental mode 
between X/A = 0.724 and \/A = 0.685, whereas the fiber 
with d/A = 0,95 has a somewhat wider transmission 
window between K/A = 0.617 and X/A = 0.533. As will 
become clear later these transmission windows show 
some dependence on the material refiractive index, which 
translates into a dependence on the physical value of the 
pitch (since this controls the physical wavelength of the 
light in the guided mode). In both fiber designs higher- 
order modes are present in part of the transmission range 
of the fundamental mode. For d/A = 0.88 we find that 
second-order modes are present in the fundamental band- 
gap in the lower 3/4 of the transmission window for the 
fundamental mode. For d/A = 0.95 the second-order 
modes leave the bandgap somewhat earlier, when the fun- 
damental mode is roughly in the middle of the bandgap. 
Since the question of determining the single-mode wave- 
length regions of the fibers is complicated by the possibil- 
ity of guidance in the higher-order bandgaps and is not a 
primary concern in this paper, we have not attempted a 
precise determination of the transmission windows for 
the second-order modes. 

In Fig. 2(a) the fraction of the electric field energy 
present in the silica part of the fibers [Ed in Eq. (6)1 is 
plotted as a function of the distance between the fre- 
quency of the fundamental mode and the lower bandgap 
edge normalized to the gap width. Both fiber designs 
show the same qualitative behavior: rises as the 

mode enters or leaves the gap, and therefore a minimum 
is present inside the transmission window. However, for 
the design with d/A = 0.88 the minimum is present in 
the low-frequency part of the transmission window, 
whereas for d/A = 0.95 the minimum is shifted close to 
the high-frequency transmission edge. It is also notewor- 
thy that the frequency derivative of E^ is quite large, 
since the transmission windows are narrow. This has 
important consequences for the dispersion properties of 
the fibers. 

In Fig. 2(b) the effective areas as calculated from Eq. 
(3) are plotted for the two fiber designs. The results for 
d/A = 0.88 have been multiplied by a factor of 10 to fa- 
cilitate comparison. As expected, very large Aeff values 
are foxmd, signifying very low nonlinear coefficients. In 
index-guiding microstructured fibers in the large-mode- 
area regime (X <^ A), the effective area Agff 
~ Q<d/A)"^A^ with a numerical prefactor a of the order of 
0.5.^^ The fibers are typically operated close to the 
endlessly-single-mode limit (d/A ~ 0.45), so that 
Aeff ~ A^- T3T>ical values of A are 10-20 /xm, so that 
Aeff lOOX^ for X 1 /an. Thus, the present results for 
air-guiding PBG fibers indicate a lowering by 1-2 orders 
of magnitude of the nonlinear coefficient compared with 
typical index-guiding, large-mode-area microstructured 
fibers available. Still, it is interesting to observe the sig- 
nificant variation of Agff over the transmission window 
and the strong dependence on cladding design of the non- 
linear coefficients. In the fiber v^dth d/A = 0.88 a de- 
crease of the effective area with increasing frequency is 
seen, corresponding to the increasing fraction of field en- 
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Fig. 2. (a) Field energy fraction in silica, and (b) effective area 
as calculated from Eq. (3). The effective area curve for the fiber 
with d/A = 0.88 [solid curve in (b)) has been multiplied by 10 to 
facilitate comparison. 

ergy in silica [see Eq. (3)]. For d/A = 0,95 the opposite 
trend occurs because of the shift of the minimvun in . 
Of course, the effective areas reported here relate to the 
nonlinearity coefficients and have Uttle to do with the 
physical size of the modes. This is better estimated from 
the standard definition of effective area, Eq. (2), which for 
both fiber designs is found to be comparable to the area of 
the hollow core, indicating that the guided mode is well 
localized. 

In Fig. 3 GVD resizlts for three different fiber designs 
are reported. For the fiber vdth d/A = 0.88 we have in- 
vestigated two values of the pitch, A = 0.8 /^m and 
A = 2.4 /mi. For the design with d/A = 0.95 we show 
results for A = 1.0 /mi. Both the results of self- 
consistent calculations and of calculations with a fixed 
value of the silica dielectric constant are shown. It can 
be seen that a change in the silica refractive index n shifts 
the transmission windows and thereby the dispersion 
cxirves. Because of the steepness of the dispersion 
curves, this implies that the dispersion at a given wave- 
length is strongly dependent on n. Therefore, the wave- 
guide GVD calculated at n = 1.45 (the solid curves), 
which is the refractive index of sihca at a wavelength of 
1.05 /mi, gives a poor prediction of the true chromatic dis- 
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persion (as given by the self-consistent calculations and 
reported by the dotted curves) at other wavelengths. The 
agreement is considerably improved by choosing a fixed 
index suitable for the wavelength of the guided mode. 
The results of such calculations are reported by the 
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dashed curves. However, there is still a noticeable differ- 
ence between the dispersion curves calculated at a fixed n 
and the self-consistent results. The differences are of the 
same order of magnitude as the material dispersion of ho- 
mogeneous silica at the wavelengths in question and are 
seen to change sign over the transmission window. In 
Fig. 3(a) it is interesting to note that the dashed and dot- 
ted curves do not tend toward each other at the shortest 
wavelengths of guidance even though the value of 
71 = 1.46 used for calculation of the dashed curve corre- 
sponds to a wavelength of -^SSO nm for piu-e silica. In- 
stead, the curves cross at a somewhat longer wavelength. 
These findings indicate that material dispersion effects 
play a significant role despite the small percentage of field 
energy present in silica. 

lb obtain a more detailed understanding of the influ- 
ence of material dispersion, we return to Eqs. (4) and (6). 
The derivative of the group velocity with respect to fre- 
quency may be written 



dvg 




' 1 dv^g 








dine 








de 


dct> 




2 d(o 



0) dEddlne d^lne 

+ _ H Ed 

2 I do) do) da>^ 



(8) 



We adopt a notation where dfdo) {6lfd0) denotes a derivative 
with respect to (o (0) for a fixed value of 6, whereas d/do) 
(d/dp) denotes a derivative including the variation of c 
with o) (and thereby p). If dispersion in the base material 
of the fiber is neglected only the first term in Eq. (8) con- 
tributes. Using the equation^ 
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Fig. 3. Dispersion curves for the fundamental guided mode of 
three air-guiding PBG fibers with various values of d and A: (a) 
d/A = 0.88, A = 0.8 Aon, (b) diK = 0.88, A = 2.4 /ixm, (c) rf/A 
= 0.95, A = 1.0 /mi. Solid curves report waveguide dispersion 
iDyi) calculated at /i = 1.45, dashed curves report waveguide 
dispersion at values of n suitable for the wavelengtii interval 
spanned by the transmission window, and dotted curves denote 
results of self-consistent calculations. 



and approximating dLE^ Idio ^ dE^i/dw, which we have 
found to be reasonably well justified even for the air- 
guiding fibers studied here, we can write 



dVg 
do) 



(u2)2 ap 



o) d^lnc 
2 da>2 



E. 



dine 



dcj 



1 + 



o) din 6\ 



{Vgf ^Edd^ne 

oi 

1*0 d(o dui 



to din e 
4 ^ do) 



(10) 



Thus the GVD may be separated into a part indepen- 
dent of material dispersion effects [first term in Eq. (10)], 
a part proportional to E^ , and a part proportional to the 
frequency derivative of E^ . Using Eq. (4) the GVD is 
foimd to be 
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Fig. 4. Material dispersion I? mat (solid curves), defined in Eq. 
(11), for the two fiber designs guiding at short wavelengths. The 
dashed curves report the difference between the dotted and 
dashed curves in Fig. 3 for comparison. 
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where ti^ is the GVD in the absence of material disper- 
sion, but evaluated at the silica refractive index appropri- 
ate for the ft) value in question. In Fig. 4 the material 
dispersion D^at defined by Eq. (11) is plotted for the two 
designs guiding at short wavelengths. For the design 
wdth dIK = 0.88, where 7-9% of the field energy is in 
silica, the material dispersion ranges between —0 and 
— 200 ps/nm/km, whereas for the design with d/A 
= 0.95 and only 2-3% of the field energy in silica, the 
material contribution to the GVD ranges between -50 
and 50 ps/nm/km. Also shown in Fig. 4 is the difference 
between the waveguide dispersion at fixed, suitably cho- 
sen n (dashed cvirves in Fig. 3) and the self-consistent dis- 
persion coefficients (dotted curves in Fig. 3). Exact cor- 
respondence between solid and dashed curves in Fig. 4 is 
not to be expected since the waveguide dispersion D®^ in 
Eq. (11) is evaluated at the self-consistent value of how- 
ever, it can be seen that the major part of the discrepancy 
between Dur and Psc ^ Fig. 3 can be attributed to the in- 
trinsic material dispersion as expressed by Z>n»at • Since 
the material dispersion of homogeneous silica in this 
wavelength range is between —250 and —400 ps/nm/km, 
the Dmat values reported in Fig. 4 are surprisingly large 
considering the smaU values of . 

It is evident from Eq. (11) that the contribution of ma- 
terial effects to the total GVD of a fiber is composed of a 
part proportional to and a part proportional to 
dEJdio, Herein lies the origin of the surprisingly large 
^mat values for the air-guiding fibers: Although E^. is 
small in these fibers, as is evident from Fig. 2(a), this is 
not the case for dE^ldta. In Fig. 5 we plot the ratio i?2> 
between the third and second term in Eq. (11): 



d^ixEd din e 
da> 
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dhie 



fti d^lne 
2 da)2 
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The results for the air-guiding fibers in Fig. 5(a) are 
compared to the results for index-guiding microstructured 
fibers reported in Fig. 5(b). The latter have a triangular 
claddiag structure similar to the air-guiding fibers, but 
with a solid silica core defined by a missing airhole. It 
can be seen that \R d\ for the index-guiding fibers is every- 
where below unity, even in the rather extreme case of 
d/A = 0.8, A = 0.34 /xm, where -15% of the field energy 
is located in the airholes. For the air-guiding PBG fibers, 
\Ro\ is 1-2 orders of magnitude larger. Thus, for index- 
guiding microstructured fibers the main contribution to 
material dispersion effects comes from the second term in 
Eq. (11), whereas for air-guiding PBG fibers the contribu- 
tion from the third term dominates. 

Because air-guiding PBG fibers have the major part of 
the field energy propagating in air, the choice of base ma- 
terial is less limited by requirements of low loss and/or 
nonlinearity than is the case for standard fibers or index- 
guiding microstructiu-ed fibers. On the other hand, the 
results presented in this work show that the dispersion 




0.57 0^ 




Fig. 5. Plots of the quantity J?© , defined in Eq. (12), for two air- 
guiding PBG fiber designs (a) and two index-guiding fibers (b) 
having a cladding structure similar (although with smaller air- 
holes) to the air-guiding PBG fibers. 
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X(^m) 

Pig. 6. Dispersion curves for two fibers with added absorption 
resonances in the base material at either X = 500 nm (P500) or 
X = 640 nm (P640) compared to the undoped result. 

properties of the material may still have a significant im- 
pact on the total GVD of the fiber. These observations 
suggest that dispersion engineering through the choice of 
base material may be a possibility in these fibers. A 
simple example of the possibilities is shown in Fig. 6: 
The usual three-term Sellmeier polynomial describing the 
material dispersion of silica has been modified by a fourth 
term describing the addition of an (dopant) absorption 
line close to the transmission vv^indow of the fiber. The 
modified Sellmeier polynomied reads: 

where 

tti = 0.6965325 /Ltm-^, = 0.066 fjum; 

02 = 0.4083099 /xm-^, Kg = O-HS ^tm; 

= 0.8968766 /xm'^, \^ = 9.896 /Am; 

a4 = 0.001 Aon"^, 

with \4 chosen as either 0,5 /mi (P500 in Fig. 6) or 0.640 
/m (P640 in Fig. 6). It is evident that significant shifts 
of the dispersion curve can be obtained simply by addition 
of (impurity) absorption centers to the silica matrix. A 
more general approach woiold, of course, be to vary the 
composition of the base material itself as could readily be 
done in, for example, polymer fibers. Such dispersion en- 
gineering could, for instance, be of interest for fibers ap- 
plied to the kind of gas-phase nonlinearity experiments 
whose feasibility was recently demonstrated by Benabid 
and co-workers.^ 

4. CONCLUSIONS 

In conclusion, we have investigated various aspects of the 
interplay between the base material and the fundamental 
guided mode in silica-based, air-guiding PBG fibers. For 
the two designs studied here, between 2 and 9% of the 
electric field energy was found to reside in the silica parts 
of the fiber. The nonlinearity coefficient was expressed in 



terms of a generalized effective area, which was foxmd to 
be 1-2 orders of magnitude larger than what can be ob- 
tained in index-guiding microstructured fibers. The in- 
fluence of material dispersion on the total GVD of the fi- 
bers was investigated and was found to be of the same 
order of magnitude as in other fiber types having most of 
the field energy residing in silica. This effect was traced 
to the fact that the variation with frequency of the field 
energy in silica is much more rapid in air-guiding PBG fi- 
bers than in other fiber types. These results suggest that 
dispersion engineering through the choice of base mate- 
rial may be an interesting possibility in air-guiding PBG 
fibers. 

Corresponding author J. Laegsgaard may be reached by 
e-mail to jl@com.dtu.dk. 
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Abstract: We measure the effective nonlinearity of various 
hollow-core photonic band-gap fibers. Our findings indicate that 
differences of tens of nanometers in the fiber structure result in 
significant changes to the power propagating in the silica glass and 
thus in the effective nonlinearity of the fiber. These results show that 
it is possible to engineer the nonlinear response of these fibers via 
small changes to the glass structure. 
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HoUow-core photonic band-gap fibers (HC-PBGF's), which guide Ught via interference 
from the two-dimensional microstructure surrounding the air-core, have attracted sig- 
nificant interest since their first demonstration [1]. PBGF's confine light in the low- 
refractive index of air and offer the potential of lower loss and nonlinearity than stan- 
dard step-index silica fibers. The complicated, nanometer-scale structure of PBGF's 
makes fabrication of these fibers challenging, and the attenuation of early samples was 
approximately 1000 dB/km [2,3]. A significant reduction of loss was achieved with the 
development of a PBGF with an attenuation of 13 dB/km, which brought the loss to a 
level where HC-PBGFs could find practical utilization [4]. More recently, a larger-core 
multimode PBGF was demonstrated with a loss of 1.7 dB/km [5]. 

To find appUcations in telecommunications, PBGF's will need to exhibit loss that 
is comparable to or less than that of step-index silica fibers. However, there are other 
applications that require deUvery of high-energy pulses, for which HC-PBGF's have al- 
ready demonstrated significant advantages over glass-core fibers [6-9]. A generic feature 
of HC-PBGF's is that the group-velocity dispersion (GVD) is anomalous over most of 
the transmission window [6], which makes them suitable for dispersive elements in high- 
power fiber lasers and amplifiers [10-14]. Low nonlinearity is crucial for preserving the 
fidelity of propagating pulses, and it is important to understand the contribution from 
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both the glass and air regions. The optical field is primarily localized in the air core, but f 
since the nonlinear refractive index of glass is roughly 1000 x larger than air, it is not 
obvious which medium dominates the effective nonhnearity of the fiber. It was shown [6] 
that the effective nonhnearity of the fundamental mode of the fiber described in Ref. 
4 is approximately equal to that of the air in the fiber core. Alternatively, theoretical 
analysis of commercially available HC-PBGFs [7,8] concluded that glass and air regions I 
have comparable contributions to the total nonhnearity. Laegsgaard et al. [15] showed V 
theoretically that the fraction of light that resides in the silica regions, which yields the 1 
glass contribution to total nonhnearity, depends strongly on the air~filling fraction— \ 
defined by the fractional area that air comprises within a unit cell in the holey cladding 
region. Recent work [16] using coherent anti-Stokes Raman scattering investigated the 
nonlinear contribution of glass at transmission edges of the band-gap. 

In this paper, we report on an experimental investigation of the silica-glass con- 
tribution to the effective nonhnearity of several HC-PBGF's with different air-filling 
fractions. We find that the silica contribution can vary over a broad range depending 
on small variations in fiber structure. By confining the mode to the air core, it is possi- 
ble to reduce nonhnearity and loss [17]. These results are consistent with studies of the 
structural mechanism for light confinement within the air core [18]. 




I V" 

> 375-nm H / 



Fig. 1. (a) SEM image of Coming fiber I. All three fibers characterized in this work have 
this same general structure. Closeup SEM of air-core wall of Corning fiber II (b) and 
Coming fiber III (c). Indicated dimensions have an error of ±5 nm. 

In our experiments, we study three different fibers manufactured by Corning. Two of 
these fibers. Corning fiber II (CF2) and fiber III (CF3), have operational ranges centered 
at 1255 nm, while the third, Corning fiber I (CFl) [4], has a zero-GVD wavelength 
at 1425 nm with the transmission window centered at 1475 nm. Scanning electron 
microscope (SEM) images of the core walls (Figs. 1(b) and 1(c)) illustrate the tens of 
nanometers differences within the fiber profiles. The indicated widths are consistent 
with measurements taken around the core and along the length of the fibers to within 
the resolution of the SEM images. The air-filling fraction of the CFl is 0.94, while the 
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values for CF2 and CF3 are 0.95 and 0.96, respectively. However, as we will show, the 
air-filling fraction is not the sole parameter that determines the fiber nonlinearity. 

The experimental setup is shown in Fig. 2. Pulses are produced by a regenerative 
amplification system (Hurricane, Spectra Physics) seeded by a Ti-sapphire oscillator. 
This 1-kHz source centered at 800 nm is used to pump an optical parametric amplifier 
(OPA) that supplies 100-fs pulses tunable from 1100 to 1600 nm. Using an aspheric 10 x 
objective, the beam is coupled into the fiber, which is held inside a vacuum chamber. 
The coupling efficiency for all these fibers is 50% - 55%. We couple 100-fs pulses at the 
zero-GVD wavelength (1255 nm for CF2 and CF3 and 1425 nm for CFl) and measure 
the output pulse spectrum and autocorrelation when the fiber holes are filled with air 
and when the chamber is evacuated to a pressure less than 30 mTorr. 




Fig. 2. Experimental setup showing the beam from the femtosecond optical parametric 
amplifier attenuated by neutral density filters (ND) and then coupled in and out of the 
hoUow-core photonic band-gap fiber (HOPBGF) by two 10 x aspheric objectives (AO). 



In an effort to calibrate our results to previously reported data, Fig. 3(a) shows the 
transmitted pulse spectrum for the commercially available HC-800-01 fiber. For 100-nJ 
pulses propagating through the air-filled fiber, the spectrum is nearly identical to that 
of 200-nJ pulses propagating in vacuum, indicating that the silica-glass structure and 
air have nearly equal contributions to the effective fiber nonlinearity, which is in good 
agreement with the theoretical results of Ref. 7. The pulses of the regenerative system 
used in these measurements carry a small negative chirp, which explains the spectral 
narrowing of the output pulse spectra [19]. Fig. 3(b) shows the output spectrum for 
pulses propagating through the evacuated core of CFl. The absence of structure 
or spectral broadening at these high pulse energies indicates that the fiber nonlinearity 
is dominated by air. It has been shown that 900-nJ, 110-fs pulses in an air-filled core 
undergo significant soliton self- frequency shifting due to Raman scattering [6]. 



E . 

CL 



Ob 



• input 
100-nJ (air) 

• 200-1 
(vacuum) 



(a) 




(b) 



700 750 800 850 
Wavelength (nm) 



900 



1350 1400 1450 1500 
Wavelength (nm) 



Fig. 3. (a) Output spectra for energies of pulses propagating in air and vacuum in the 
HC-800-01 fiber that produces nearly identical spectral shapes, (b) Output spectrum for 
a pulse with an energy of 2 fiJ propagating in vacuum for Corning fiber I. 
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To quantify better the glass contribution to the total nonlinearity, we simulated pulse 
propagation with the generalized nonlinear Schrodinger equation, which includes third- 
and fourth-order dispersion, and self-steepening [20]. This method has recently been 
used to investigate nonlinearity in fs- written waveguides [21]. In our simulations we 
define the relative intensity 7] in sihca as the fraction of the peak field intensity Isuica m 
the silica glass to that Icore in the hollow-core, that is, T] = IsiUca/hore- 

For an evacuated fiber, we use the nonlinear length definition [22] and solve for the 
total effective nonlinearity, 



(1) 



27Cn2/f'*^'' 27Cn2Tj/5^^^ YeffPS'''^ 

Here y^// = r\1nn2lXAeff is the total effective nonlinearity, m = 2.6 x 10"^^ cm^/W is 
the nonlinear refractive index of siUca, Aeff is the mode field area (-^70-^^ for all 
these fibers), and X is the wavelength. In our simulations 77 is varied until the best fit 
of theory to the measured output spectrum is achieved. 




1350 1400 1450 1500 
Wavelength (nm) 



200 0 200 
nme (fs) 



Fig. 4. Several iterations are shown to produce the best numerical fit (red) for the 
experimental output spectrum (black) for a 2.054-aiJ pulse energy in Corning fiber I 
[(a)-(c)). In addition, we show the numerical best fit (red) and experimental (black) 
output autocorrelation (d). 

By this method, we find that the relative intensity in silica for CFl is 0.015% (Fig. 
4). To obtain the best agreement, we used a sUghtly larger value for the third-order 
dispersion than that reported [6]. Repeating this process of varying t] in our simulation 
to fit the measured output spectra for CF2 and CF3 yields relative intensities of 0.10% 
and 0.042%, respectively. Thus the glass contribution to the effective nonlinearity of 
CFl is approximately 7x smaller than that of CF2 and 3x smaller than that of CF3. 
The resulting total effective nonlinearities y^// are summarized below in Table 1, and 
for comparison we have listed the value for standard step-index fiber (SMF-28). In 
the final column we have also included the case for the air-filled fiber at 1 atm with 
= 5.0 X 10-1^ cm^/W [23]. 

As a final demonstration of this structurally sensitive nonlinearity, we measure the 
spectral broadening of the output pulse as a function of pulse energy (see Fig. 5). 
For this experiment, transform-limited pulses are coupled into evacuated fibers at the 
zero-dispersion wavelength. Under these conditions, changes to the spectral fuU-width- 
at-half-maximum are attributed entirely to the nonlinearity of the fiber [22]. These 
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Table 1. Effective fiber nonlinearity /e//^ for various fibers 
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results are consistent with our previous data showing that similar broadening occurs at 
lower peak powers for CF2 due to the greater contribution of silica glass to the total 
nonlinearity in this fiber (Fig. 5). 
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Fig. 5. Output pulse spectral broadening per unit fiber length for Coming fiber I (circles) 
and fiber II (squares). 

In conclusion, we determine experimentally the silica-glass contribution to the effec- 
tive nonlinearity of three hollow-core photonic band-gap fibers. We find that the relative 
power in the siUca— normalized to that in the air-core region — can vary by nearly an 
order of magnitude and. is highly sensitive to the fiber structure. As a result, the contri- 
bution of silica glass to the effective fiber nonlinearity, and thus to the total nonlinearity, 
can be engineered over broad limits through small structural changes. These results are 
relevant to applications involving delivery of high-power pulses, where by evacuating 
the fiber core the majority of the fiber nonUnearity can be eliminated. 
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